ple closely matching our simulation results. There, regularly spaced vent sites, with black smokers venting fluids close to 400°C, have been active for several years (34, 35) . Magnetic anomaly data show that upflow zones are narrow pipelike structures that reach to a depth of at least a few hundreds of meters and possibly to the base of the hydrothermal system with a regular spacing comparable with that in our simulations (3). Though natural systems are geologically much more complex than the numerical model described here, we suggest that the MEF is likely to operate in a state of maximum energy transport, with recharge occurring close to the vent sites. The optimal site for future in situ tracer injection experiments would therefore be about twice the radius of a black smoker vent field. The relatively short residence times resulting from our calculations also indicate that such an experiment can lead to a successful tracer test within a realistic time frame.
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Massive sulfide ore deposits form when convecting seawater leaches metals from new basaltic crust and reprecipitates them as sulfides at the outflow points of active black smokers. The solubility of iron, zinc, and copper increases almost exponentially with temperature (36) . Our simulations indicate that the average temperature of fluid-rock interaction is much higher than would be expected from dispersed seawater infiltration across the spreading axis (37) . As a result, solubility-limited leaching is expected to be much more effective by including large parts of the hot downflow path and not being restricted to the basal reaction zone of the system. With an average copper content in mid-ocean ridge basalt of 25 parts per million, a typical small seafloor sulfide deposit of 0.2 million metric tons containing 3% copper (38) can be formed by leaching only the upflow zone and its immediately surrounding hot downflow zone. The copper solubility in this region varies from~10 −7 mol/kg at 200°C to~10 −4 mol/kg at 350°C, ensuring that the metals are quickly leached and a deposit can form within a period of 100 to 1000 years. T he past decade has seen dramatic discoveries concerning the oldest rocks on Earth, with precise zircon ages pushing the terrestrial rock record back beyond 4 billion years ago (Ga) (1) and the detrital zircon record to beyond 4.3 Ga (2). Because zircon is a rare to nonexistent phase in most mafic rocks, prospecting for ancient crust through zircon analysis has focused the search on the more evolved rock types that likely, as today, do not represent the major volume of Earth's crust.
The short-lived 146 Sm-142 Nd isotopic system [half life (T 1/2 ) = 103 million years (My)] has proven useful for investigating the early differentiation of the silicate portion of Earth. Recent measurements of the 146 Sm-142 Nd system in Eoarchean (4.0 to 3.6 Ga) rocks, primarily from Greenland, show excesses in 142 Nd/ 144 Nd ratios of 10 to 20 parts per million (ppm) compared to modern terrestrial standards testifying to Earth differentiation events within a few tens of million years of Earth formation (3-7). The high 142 Nd/ 144 Nd measured for these rocks indicate that the Eoarchean crustal rocks were sourced in a mantle with high Sm/Nd ratio. We describe evidence from the Nuvvuagittuq greenstone belt that a complimentary, low Sm/Nd ratio, reservoir is also found in the terrestrial rock record and that these rocks may be the oldest yet discovered on Earth.
The recent discovery of the Nuvvuagittuq greenstone belt in Ungava, Québec, provides a new suite of Eoarchean rocks with which to further our understanding of the early crust-mantle system. The Nuvvuagittuq belt exposes volcanic and metasedimentary rocks in an isoclinal synform refolded into a more open south-plunging synform ( Fig. 1) (8) and is surrounded by a 3.66-billion-year (Gy) tonalite (9, 10) . Geochronological constraints for the belt come mainly from rare felsic bands (0.5 to 1 m in width) composed of plagioclase, biotite, and quartz that have yielded a discordant zircon age of 3817 T 16 My (9) . A minimum age of 3750 My has also been obtained from U-Pb ion microprobe analyses of zircons found in a similar lithology (11) . Although no clear crosscutting relationship has been found, the felsic bands are commonly found within gabbroic sills that may suggest an intrusive nature for these rocks. The dominant lithology of the belt is a cummingtonite-amphibolite referred to as "faux-amphibolite" because of its unusual mineralogical composition in which the dominant amphibole is cummingtonite, in contrast to the hornblende-dominated amphibolites usually found in the Superior Province. The fauxamphibolite is composed of variable amounts of cummingtonite, plagioclase, biotite, and quartz plus or minus garnet (8) , commonly with compositional layering defined by the alternation of biotite-rich and cummingtonite-rich laminations. These rocks are very heterogeneous and can be almost entirely composed of cummingtonite, giving them a light gray color, whereas some are reddish brown in color and mainly consist of biotite and garnet, with minor amounts of cummingtonite.
The faux-amphibolite is intruded in the western limb of the synform by ultramafic and gabbroic sills. Compared with these relatively undeformed gabbros, two larger gabbroic sills toward the center of the belt display pronounced gneissic textures, suggesting that they may be older than the less-deformed gabbroic sills. The faux-amphibolite in the western limb rarely contains garnet, whereas toward the center of the belt it has abundant garnet and commonly higher Al 2 O 3 contents (8). The faux-amphibolite was originally interpreted to be a paragneiss (10) because of the abundance of garnet and compositional layering. These rocks, however, are more mafic than typical Archean shales and have a basaltic major element composition similar to those of the gabbroic sills but with lower CaO, slightly lower TiO 2 , and commonly higher Al 2 O 3 contents. These features suggested that they could be highly altered mafic pyroclastites comagmatic with the gabbro sills (8) . The faux-amphibolite, however, is enriched in light rare earth elements (LREEs), which argues against a direct cogenetic relationship with the gabbros that intrude it, all of which have flat REE patterns ( Fig. 2, table S2 , and supporting online material (SOM) text]. Two tonal-ite samples also show low 142 Nd/ 144 Nd (e 142 Nd = -0.12 to -0.16) as do both felsic band samples (e 142 Nd = -0.09 to -0.10), although the felsic bands overlap the terrestrial standard within the external error of 0.06 as determined by the 2spopulation reproducibility of the standards (SOM text). The gabbros have 147 Sm/ 144 Nd ratios (0.183 to 0.193) and measured 143 Nd/ 144 Nd ratios (e 143 Nd = -4.7 to 0.6) that are just slightly below chondritic values, with 142 Nd/ 144 Nd ratios overlapping the terrestrial standard (e 142 Nd = -0.09 to -0.02).
The Nuvvuagittuq rocks have 142 Nd/ 144 Nd ratios that fall between the 142 Nd/ 144 Nd ratios of chondrites and the terrestrial standard [e.g., (12) ]. This is in contrast to Eoarchean rocks of Greenland that have 142 Nd/ 144 Nd values higher than the terrestrial standard (3) (4) (5) (6) (7) . Also, unlike the Greenland rocks, the 142 Nd/ 144 Nd ratios of the gabbros and faux-amphibolite correlate positively with their Sm/Nd ratios, producing a statistically significant slope corresponding to a 146 Sm/ 144 Sm ratio of 0.00116 T 0.00049 [mean square weighted deviation (MSWD) = 0.67, error with 95% confidence] and an initial e 142 Nd = -0.02 T 0.15 relative to the terrestrial standard ( Fig. 3 ). This line is fit assigning a constant T6 ppm error for 142 Nd/ 144 Nd for all samples to represent the external reproducibility of these isotope ratio determinations. For a solar system initial 146 Sm/ 144 Nd = 0.008 (13) at 4567 Ga (14) , this slope corresponds to an age of 4280 þ53 −81 My. Fitting just the faux-amphibolite data provides a slope of 0.0012 T 0.0011 corresponding to an age of 4286 þ96 −370 My with an initial e 142 Nd = +0.02 T 0.32 relative to the terrestrial standard. Both the tonalites and the felsic bands fall off these correlations to the low Sm/Nd ratio side.
At the whole-rock scale, isochrons need not provide the crystallization ages of the rocks that define the isochron. Because 4.28-Gy-old the isochron shown in Fig. 3 goes through the value of the modern terrestrial mantle, the unfractionated rocks would plot close to the modern mantle value on Fig. 3 regardless of their age. For example, 12 ultramafic to gabbroic samples from one sill cutting the faux-amphibolite give a 147 Sm-143 Nd isochron age of 3840 T 280 My (MSWD = 3.8) with initial e 143 Nd = +0.9 (Fig.  4A) , but the data for some of the same samples lie close to the 4.28-Gy isochron in Fig. 3 . The old age in Fig. 3 is dictated by the low Sm/Nd ratios of the faux-amphibolite. The faux-amphibolite defines a scattered 147 Sm-143 Nd correlation with an age of 3819 T 270 My (MSWD = 5.5) and an initial e 143 Nd = -1.4. The negative initial e 143 Nd of the faux-amphibolites is unusual for rocks of this age but is consistent with the low 142 Nd/ 144 Nd ratios measured for these samples. Fig. 1 . Simplified geological map of the Nuvvuagittuq greenstone belt. The geology of the belt is described in more detail in (8) . Coordinates are in universal transverse mercator zone 18 NAD 27.
www.sciencemag.org SCIENCE VOL 321 26 SEPTEMBER 2008 Sm/Nd ratios as low as those measured in the faux-amphibolite and felsic bands would not produce 142 Nd/ 144 Nd ratios outside of measurement uncertainty from the terrestrial standard if this parent/daughter fractionation occurred later than~4.1 to 4.2 Ga. Thus, even if the fauxamphibolite has crystallization ages of 3.8 Gy, the steepness of the 142 Nd/ 144 Nd-Sm/Nd covariation requires that they sample a LREEenriched material that is at least 4.28 Gy old. This LREE-enriched component could be either older crust that contaminated parental melts like the gabbros or a LREE-enriched mantle source that melted to produce the faux-amphibolite. Regardless of the nature of the LREE-enriched component, its low Sm/Nd ratio must have formed while 146 Sm was still extant, and the 4.28-Gyold isochron provides the best indication of the age of this end member.
An alternate interpretation is that the 4.28-Gy-old isochron indeed dates the formation age of the faux-amphibolite, but this possibility is not supported by the 3.8-Gy-old 147 Sm-143 Nd age of this unit. For an isochron that passes through the terrestrial mantle point, however, a reduction in Sm/Nd ratio of the faux-amphibolite with the lowest Sm/Nd ratios by only 4.4% caused by metamorphism at 3.8 Ga would rotate a 147 Sm-143 Nd isochron of 4.28 Gy to 3.8 Gy. Increasing the Sm/Nd ratio of the low-Sm/Nd ratio fauxamphibolite by 4.4% would increase the 146 Sm-142 Nd isochron age by only 25 My, well within the uncertainty of the data, illustrating the potential of the 146 Sm-142 Nd system to see through later metamorphic events.
Obviously, other corroborative data would help resolve whether the 4.28-Gy age dates the rocks themselves or an older component involved in their genesis. In spite of attempts to do so, zircons have not yet been found in the fauxamphibolite. Whole-rock Pb isotope data for the faux-amphibolite (table S1) do not define a valid isochron. The best fit line through the 206 Pb/ 204 Pb-207 Pb/ 204 Pb data corresponds to an age of 2.4 T 0.4 Gy, indicative of a late disturbance of the U-Pb system at the whole-rock scale. The faux-amphibolite is crosscut by the gabbro sills and therefore must be older than the gabbros. Although the undeformed gabbros give a 147 Sm-143 Nd isochron age of 3.84 Gy (Fig.  4A) , an isochron constructed from nine samples of the more gneissic, presumably older, gabbros gives an age of 4023 T 110 My (MSWD = 0.78) with initial e 143 Nd = +1.7 (Fig. 4B ). All samples of the faux-amphibolite, except PC-129, yield negative e 143 Nd(3.8 Gy) values ranging from -3.2 to -1.0, compared with the mostly positive e 143 Nd(3.8 Ga) (-0.2 to +3.1) for the gabbro and ultramafic sills (table S2) . When the e 143 Nd values for the faux-amphibolite, except PC-129, are calculated for an age of 4.28 Gy, they range from -0.3 to +2.3 with an average value of 0.6. This average initial e 143 Nd value is consistent with the mantle value at 4.28 Ga predicted by various depleted mantle evolution models (5, 15, 16 ), but perhaps not as depleted as suggested by the Greenland data (7, 17, 19) . As a result, the calculated 143 Nd depleted-mantle model ages (T DM ) for the faux-amphibolite, except PC-129, range from 4.1 to 4.4 Ga, consistent with the age suggested by 142 Nd systematics and in contrast to the 3.2 to 3.6 Ga T DM values of the gabbros and sample PC-129 (table S2) .
Whether or not the faux-amphibolite is 4.28 Gy old, its compositional characteristics may provide clues to the process of crust formation in the Hadean (>4.0 Ga). The basaltic major and compatible (e.g., Ni) trace element composition of the faux-amphibolite is consistent with derivation from a peridotitic mantle. Compared to the gabbros and to modern mid-ocean ridge basalts, the most unusual compositional characteristic of the faux-amphibolite is its low Ca content, high K and Rb contents, and LREE enrichment. Because elements like K and Rb are easily affected by alteration, however, it is unclear whether these are magmatic features of the faux-amphibolite. The LREE enrichment could reflect relatively low degrees of mantle melting, but this explanation is not supported by the relatively low concentration of elements such as Ti and Nb in the faux-amphibolite. The high LREE to Nb ratios of the faux amphibolite, however, is similar to that of modern calc-alkaline melts produced in convergent margin settings. The Hadean crust, represented by the faux-amphibolite, was intruded at 4.0 and 3.8 Ga by gabbro and ultramafic sills that have the 143 Nd and 142 Nd isotopic composition of the depleted mantle at the time of their intrusion. The low 142 Nd/ 144 Nd ratios of tonalites and felsic bands that were emplaced between 3.8 and 3.6 Ga, well after 146 Sm was extinct (9) (10) (11) , suggest that they formed by the partial melting of the faux-amphibolite.
